A database of digital seismograms was compiled from groundmotion recordings made at the 11 POLO stations over a 12-month period beginning 1 July 2004. The stations are
INTRODUCTION
Local geologic and soil conditions can greatly increase the intensity of earthquake ground shaking (Kramer 1996) . These local site effects are particularly significant at sites with deep, soft soil deposits, although hard rock sites may also exhibit amplification (Siddiqqi and Atkinson 2002) . Estimation of this localized site response can be accomplished using theoretical or empirical methods. Theoretical modeling requires extensive characterization of a site's near-surface geology, as well as the use of sophisticated computing methods. In contrast, empirical approaches require only ground-motion data records from the site. The relative ease of application has popularized the use of empirical methods in investigating site response.
Ground-motion records have become readily available at a number of Canadian sites, owing to the recent deployment and subsequent expansion of the Portable Observatories for Lithospheric Analysis and Research Investigating Seismicity (POLARIS) seismograph network . In this study, empirical site-response spectra were produced for 11 stations of the POLARIS Ontario (POLO) array of POLARIS ( Figure 1 and Table 1 ). A variety of near-surface conditions exist at these sites. While most are located on competent Precambrian bedrock, others rest on fractured Paleozoic bedrock, soil, or a combination of soil and manmade fill. An additional, temporary, soil station was also studied ( Figure 1 and Table 1 ). Installed near a cement quarry in St. Marys, Ontario, this station collected data over a weeklong period.
The primary objective of this study was to report the siteresponse spectra for 11 POLO stations that have not been previously studied. Spectra produced in this study supplement those previously reported by Murphy and Eaton (2005) for 18 other POLO stations. Two popular empirical methods were used to obtain the site-response spectra, allowing for a comparison of the results. The empirical methods employed were Nakamura's (1989) microtremor analysis method and the horizontal-tovertical spectra ratio (HVSR) method of Lermo and Chàvez-Garcìa (1993) .
Additionally, theoretical site-response spectra were computed at the soil stations. Near-surface shear-wave velocity models were developed based on seismic refraction studies conducted at these sites. Spectra were then computed using the Equivalent-linear Earthquake Site Response Analyses (EERA) program developed by Bardet et al. (2000) and used to validate those produced empirically.
EMPIRICAL ANALYSIS
Various empirical methods have been proposed for estimating site response. Spectral-ratio techniques, which are commonly used, calculate site amplification relative to a nearby, bedrock reference site. If an adequate reference site is not available, however, reference-site-independent techniques for determining site-response spectra can be particularly attractive. In these single-station methods, the horizontal-component spectrum of ground motion is divided by the corresponding vertical-component spectrum to estimate the amplification, thus using the vertical component as reference.
Both Nakamura (1989) and Lermo and Chàvez-Garcìa (1993) found that site response could be estimated from the ratio of the horizontal-to-vertical (H/V) component of the Fourier amplitude spectrum of ground motion. Nakamura (1989) originally proposed that this technique be applied to measurements of microtremors, low-period ambient seismic noise resulting from natural and artificial sources. Lermo and Chàvez-Garcìa (1993) later applied Nakamura's technique to the S-wave portion of earthquake records. They found that the frequency and amplitude of the first resonant mode could be estimated using this method, although higher modes were not evident.
These techniques have since been applied by various researchers with varying degrees of success. Generally, it is agreed that these H/V techniques provide good estimates of the frequency of the first resonant mode at soil sites (Field and Jacob 1995; Molnar et al. 2004) . H/V techniques have also provided reliable rough estimates of amplification level at sites with simple near-surface geologies (Lermo and Chàvez-Garcìa 1994; Tsuboi et al. 2001) . Here, Nakamura's (1989) technique and the HVSR technique of Lermo and Chàvez-Garcìa (1993) are applied to ground-motion data records obtained from the POLO stations.
equipped with three-component broadband seismometers (Guralp CMG-3ESP Compact), digitizers, and satellite systems (Nanometrics Libra VSAT), which record and transmit data, in near real-time, to acquisition centers in London and Ottawa, Ontario (Murphy and Eaton 2005) . In addition to microtremor recordings, the data contained 67 local and regional earthquakes of magnitude (M N ) 2.0 or greater.
The temporary station (STM) was equipped with a threecomponent Guralp CMG-40T seismometer and a Nanometrics ORION digitizer, from which data were extracted. Recordings were made over a weeklong period, beginning 21 November 2005. Only noise data were obtained, since no events were recorded during the station's operation.
At all stations, data were sampled at 100 Hz.
Nakamura's Method
For use in Nakamura's method, 50 noise windows, of 20-s duration each, were extracted from the POLO and temporary station data. Noise windows were cosine tapered (5%) and processed to produce Fourier spectra. The horizontal spectrum (H) was computed from the N-S (h NS ) and the E-W (h EW ) component spectra as follows (Yu and Haines 2003) :
Seismograph stations used for this study. POLARIS stations located on Precambrian bedrock, Paleozoic bedrock, and soil are indicated by black, gray, and white triangles, respectively. The temporary soil station is indicated by a white diamond. 
The horizontal and vertical Fourier spectra were smoothed over frequency increments of 0.2 Hz using a moving-average filter (0.4 Hz width) before they were used to compute H/V ratios. Normalizing the horizontal spectra by the vertical spectra effectively removes the instrument response from the record, because both components have identical instrument response (Siddiqqi and Atkinson 2002) . The results of this analysis are plotted in Figure 2 , with plots grouped according to near-surface type.
A strong correlation between near-surface conditions and the shape of the site-response spectra is evident in the results presented in Figure 2 . Precambrian bedrock sites exhibit a frequency-independent response, with mean amplification values between 1.2 and 2.0. The response at Paleozoic bedrock sites is also relatively flat but exhibits a higher degree of variability than the Precambrian bedrock sites, with mean amplification values ranging from 1.3 to 2.5. Soil sites (ELFO, TORO, STM) are characterized by a single resonant peak within the frequency band considered. The peak amplification predicted by Nakamura's method at ELFO, TORO, and STM occurs at 3.0, 1.0, and 9.4 Hz, respectively, with corresponding peak amplitude ratios of 7.0, 10.1, and 6.1. Higher resonant modes were not observed using this method.
HVSR Method of Lermo and Chàvez-Garcìa
The HVSR method of Lermo and Chàvez-Garcìa (1993) was applied to recordings of 67 earthquake events of M N between 2.0 and 3.8. At stations where an event was recorded, S-wave windows, 20-70 s long, containing the strongest portion of the earthquake records, were extracted. For each event, a preevent noise window, of approximately the same length, was also extracted, to be used in signal-to-noise ratio (SNR) calculations.
Processing of the signal and noise windows included 5% cosine-tapering and Fourier transformation. Horizontal signal and noise spectra were computed using Equation 1. After smoothing over frequency increments of 0.2 Hz, the H/V ratio was calculated for all frequencies at which signal-to-noise ratio exceeded 2.0 for both the horizontal and vertical components. The selection of 2.0 as the threshold value was based on testing and is supported by values in the literature (Siddiqqi and Atkinson 2002; Murphy and Eaton 2005) . Gaps in the indi- vidual site-response spectra correspond to poor signal-to-noise ratios.
Plots of analytical results, arranged by near-surface type, are presented in Figure 3 . Note that the method could not be applied to data from the temporary station (STM) due to a lack of event recordings. This highlights one of the inherent disadvantages of using the HVSR method in areas of low to moderate seismicity.
Results obtained with the HVSR method were in good agreement with those produced using Nakamura's method. Frequency-independent amplification predicted at the rock sites was only slightly higher than that predicted using Nakamura's method. For comparison, the amplification values for the rock sites at 1 and 5 Hz, obtained using both methods, have been summarized in Table 2 .
Similar amplification values were predicted by both methods. Average amplification values obtained at 1 and 5 Hz are in good agreement with those predicted by Siddiqqi and Atkinson (2002) for eastern Canada and by Gupta and McLaughlin (1987) for the eastern United States. Nakamura's method and the HVSR method also produced similar predictions of the frequency of the first resonant peak at the two soil sites. Further discussion of the soil-site results is contained in a subsequent section.
SITE RESPONSE MODELING
Simple numerical models can be used to predict site-response spectra, given that sufficient information about the site's nearsurface geology is available. In this study, numerical spectra were produced for the three soil sites (ELFO, TORO, STM) for comparison with those determined from empirical estimates. For modeling purposes, it was necessary to obtain or estimate the relevant geotechnical properties of the near-surface layers at these sites.
Refraction Data Collection and Processing
Little information was known about the near-surface conditions at ELFO and TORO, while at STM, some borehole information was available. Therefore, hammer-seismic refraction surveys were conducted at the three soil stations (ELFO, TORO, STM) to determine their near-surface velocity structures.
For each survey, a steel I-beam struck horizontally by a sledgehammer was used as the source. The I-beam was set up in line with the profile, and the SH-waves produced were recorded by a spread of 4.5-Hz horizontal geophones. Details of the geophone spreads used at each site are included in Table 3 . At ELFO, the survey was conducted using two lines of geophones, oriented perpendicular to one another, while a single line of geophones was used at both TORO and STM, due to topographic constraints at these sites. Forward and reverse profiles were conducted along each line, so the data could later be examined for evidence of dipping of the near-surface layer boundaries.
At each site, digital seismograms from source impacts were stacked 10 times and stored in data files created using the Geometrics Multiple Geode OS seismic-refraction software package. Acquisition polarity was then reversed by striking the I-beam on the opposite side, and the procedure was repeated. After transferring the data to a computer, the difference between the normal and reverse polarity traces at each geophone was calculated to enhance the S-wave arrivals and suppress the P-wave arrivals (Lankston 1990) . Figure 4 shows an example of the resulting traces, with S-wave arrivals clearly visible. Arrival times identified from the traces were plotted versus source-receiver distances, as in Figure 4B , for use in subsequent analysis.
Velocity Model Construction
Following the procedure of the Corps of Engineers (1979) , the time-distance plots were interpreted to produce the one-dimensional (1-D) velocity models. Using this method, the thickness, H, of the uppermost soil layer was calculated as follows:
where v 1 and v 2 are the velocities of first and second soil layers and x c is the critical distance. Velocities were calculated from the inverse slopes of best-fit lines applied to the time-distance plots, while the critical distance corresponds to the break in slope between these two best-fit lines (see Figure 4B ). For all deeper soil layers, thicknesses were calculated using:
where H k is the thickness of the kth layer. Because no significant dipping of the near-surface soil layers was found along any of the profiles, they could be represented as simple, 1-D cross-sections with horizontal layering. Beresnev and Atkinson (1997) noted that for the south and southeast Ontario region, the velocity structure can be determined to a depth of approximately 70 m using this type of refraction setup. This was also found to be the approximate depth of penetration in this study. The models produced are plotted, for the upper 70 m, in Figure 5 . At STM, the near-surface structure determined from the refraction survey was in good agreement with the available borehole data.
Numerical Modeling
We performed numerical analysis using the EERA program of Bardet et al. (2000) , which computes the response in a horizontally layered soil-rock system subjected to transient and vertically traveling shear waves. The velocity profiles were used to build the numerical models to calculate the theoretical siteresponse spectra. The 20 April 2002 Au Sable Forks earthquake (M N = 5.1) in upstate New York was used as the input motion. This ground acceleration record was extracted from a nearby bedrock station in Kingston, Ontario (KGNO in the Canadian National Seismographic Network).
To completely define the soil profiles, it was necessary to specify a unit weight and damping values. Because relatively weak ground motions are being modeled, a linear model can be used to predict the response (Shearer and Orcutt 1987) . As a result, frequency-independent damping ratios were specified. Rock layers were assigned a unit weight of 24.5 kN/m 3 and 0% damping, and soil layers assigned a unit weight of 17.7 kN/m 3 and 1.667% damping. These properties were adopted based on those used in similar studies conducted in the south and southeast Ontario region (Beresnev and Atkinson 1997; Murphy and Eaton 2005) . The soil at STM was assigned a unit weight of 22.0 kN/m 3 based on available borehole data.
At TORO, the depth to bedrock could not be established by the refraction survey (see Figure 5 ). It was, therefore, necessary to determine this depth through iterative modeling. Consequently, the depth of the second soil layer (V s = 360 m/s) was extended to a depth of 90 m. Below this depth, we assumed a rock layer with the properties of the bedrock found at ELFO and STM.
The results of this numerical modeling are plotted in Figure 6 and summarized in Table 4 . The National Earthquake Figure 6. ▲ Empirical and numerical site-response spectra at soil sites. Mean amplification values determined using Nakamura's method (solid lines), the HVSR method (dashed lines), and numerical method (dotted line).
Hazards Reduction Program (NEHRP) classification for each site is also included in Table 4 ( BSSC 2003) .
Theoretical spectra contain a peak at the fundamental frequency (f 0 ), determined by the average shear-wave velocity of the soil layers (V S ) and the total thickness of these layers (h), i.e.,
At TORO and ELFO, harmonic overtones were predicted by the models in the frequency range of interest.
At all three sites, frequencies of the resonant peaks produced by the empirical methods agreed well with the fundamental frequencies predicted numerically. This suggests the refraction surveys have correctly determined the shear-wave velocities and thicknesses of the soils at these sites. Overall, the empirical and theoretical methods predicted similar values for peak amplification, although it should be noted that amplification determined numerically is highly dependent on assumed damping ratios.
At TORO, the HVSR method appears to have predicted the first harmonic overtone. In all other cases, these overtones were not observed in the empirical spectra. These overtones, typical of simple, numerically produced spectra, result from the assumed linearity of the analysis (e.g., Shearer and Orcutt 1987) . The absence of these overtones in the empirical spectra likely reflects some nonlinear soil behavior.
CONCLUSIONS
Empirical site-response spectra have been produced for 11 stations of the POLO network with variable near-surface conditions. Two H/V ratio techniques were employed in the study, namely: Nakamura's (1989) method and the HVSR method of Lermo and Chàvez-Garcìa (1993) . The shapes of the resulting spectra were observed to correlate with the site's near-surface type. Hard rock sites exhibited response spectra that were relatively frequency-independent, with Nakamura's method predicting an average amplification of 1.2 ± 0.3 at 1 Hz, increasing to 1.6 ± 0.3 at 5 Hz. The HVSR method, generally, produced slightly higher estimates of amplification, with an average of 1.5 ± 0.2 at 1 Hz, increasing to 2.0 ± 0.5 at 5 Hz. The amplifications predicted are in line with those predicted at other hard rock sites in eastern North America. In contrast, response spectra at soil sites were characterized by a prominent spectral peak at the fundamental frequency. At all stations, the strong agreement between both empirical methods was notable.
Simple, 1-D models were used to produce response spectra at the three soil sites. The theoretical results support the notion that the fundamental resonance mode can be reliably obtained using H/V ratio methods. In one case (TORO), higher modes of resonance also appear to have been predicted by the HVSR method. f 0 is the frequency of fundamental mode.
A is the peak amplitude ratio of the fundamental mode.
